The poultry red mite, Dermanyssus gallinae, poses a significant threat to poultry production and hen health in many parts of the world. With D. gallinae increasingly suspected of being a disease vector, and reports indicating that attacks on alternative hosts, including humans, are becoming more common, the economic importance of this pest has increased greatly. As poultry production moves away from conventional cage systems in many parts of the world, D. gallinae is likely to become more abundant and difficult to control. Control remains dominated by the use of synthetic acaricides, although resistance and treatment failure are widely reported. Alternative control measures are emerging from research devoted to D. gallinae and its management. These alternative control measures are beginning to penetrate the market, although many remain at the precommercial stage. This review compiles the expanding body of research on D. gallinae and assesses options for its current and future control. We conclude that significant advances in D. gallinae control are most likely to come through an integrated approach adopting recent research into existing and novel control strategies; this is being combined with improved monitoring and modeling to better inform treatment interventions.
INTRODUCTION
The poultry red mite, Dermanyssus gallinae, poses a significant threat to egg-laying hens in many parts of the world, including the United States, Europe, Japan, and China (21, 90, 108, 123) . Although in the United States the northern fowl mite, Ornithonyssus sylviarum, may be more abundant (121) , elsewhere D. gallinae tends to predominate. Economic costs associated with both control and production losses due to D. gallinae have been estimated at €130 million per year for the EU egg industry, with similarly large sums in other regions (108, 119) .
Research concerning all aspects of D. gallinae has increased in recent years; however, the last major review on this pest was published in 1998 (21). The growing body of work on D. gallinae, increasing economic importance of this pest, and recent changes to poultry production practices that may promote infestations in many countries make this the ideal time to review the biology of D. gallinae and particularly its current and future control. Although the bulk of literature presented originates from Europe, where much of the recent research effort on D. gallinae has been focused, the data and ideas presented have broader significance to all countries in which D. gallinae presents a threat. Sections focusing on D. gallinae control will be of relevance to those with an interest in poultry pest management per se, particularly of similar species such as O. sylviarum.
Morphology, Biology, Life Cycle, and Ecology
D. gallinae (Mesostigmata: Dermanyssidae) is a relatively small ectoparasitic mite approximately 1.5 mm in length and varies in color from gray to brown/red depending on feeding status. D. gallinae may display relatively high genetic variability (107) . In some cases this is thought to be a consequence of pesticide-driven selection forcing adaptation to different treatment regimens between countries (76); D. gallinae possesses a number of genetic architectures that enable it to adapt rapidly to selective pressures (107) . As a possible result of these traits, D. gallinae displays relative plasticity in terms of host specificity (see below), although it remains associated primarily with birds in general and laying hens in particular (21, 105) .
Only minimal work has been conducted on genetic markers for D. gallinae, for which ITS2 PCR (internal transcribed spacer 2 polymerase chain reaction) experiments have given the best results to date (101) . In the absence of molecular-based species determination, morphological characteristics can be used to distinguish D. gallinae from similar species such as O. sylviarum (27) . In contrast to O. sylviarum, the majority of the D. gallinae life cycle is spent off the host where mites seek refuge in secluded areas, such as cracks formed by timber joints, aggregating together in response to both thigmokinesis and pheromone cues (29, 64) . D. gallinae locates its hosts using a combination of temperature stimuli, chemical signals, and responses to vibration and carbon dioxide (55, 56, 128) . Once on a host, mites feed for short periods of up to an hour, doing so every 2-4 days and typically (although not exclusively) during periods of darkness (79, 93) . Larvae do not feed, and though adult males may, they are thought to do so only intermittently (21).
Complete development of D. gallinae, from egg to adult through one larval stage and two nymphal stages, typically occurs over two weeks, although it may take place in less than half this time (9, 78) (Figure 1) . Conditions within poultry houses are well suited to D. gallinae population growth, where temperatures between 10
• C and 35
• C and high relative humidity (>70%) facilitate D. gallinae reproduction and development (78, 96) . Consequently, weekly doubling of populations is possible in egg-laying facilities (48, 78) . D. gallinae densities commonly reach up to 50,000 mites per bird in caged systems, although densities can reach 500,000 mites per bird in severe cases (57) . D. gallinae may be present year-round, but highest densities occur during hot and humid seasons (94, 98) . As the turnover of hens in laying systems often exceeds one full year ( Life cycle of the poultry red mite, Dermanyssus gallinae, under favorable conditions. Eggs are laid in clutches (4-8 eggs) in refugia where larvae may remain without feeding prior to their first molt. Each female may lay up to eight clutches of eggs between feeding bouts, typically laying around 30 eggs in a lifetime. Image reproduced and adapted with permission from Maurer & Perler (80) . c FiBL (Research Institute of Organic Agriculture).
conditions are typically encountered during any production cycle, affording ample opportunity for D. gallinae populations to proliferate. Even when birds are removed from premises between production cycles (Table 1) , D. gallinae may survive for long enough to infest any new flock, persisting for up to 8 months without a meal in extreme circumstances (9, 21).
Prevalence
In the United Kingdom, between 60% and 85% of commercial egg-laying facilities may be infested with D. gallinae (30, 41). More recent figures suggest greater variation in prevalence both in the United Kingdom and throughout Europe, with all sampled facilities infested in certain countries (18, 108) ( Table 1) . In Europe, the introduction of D. gallinae into poultry houses is considered to occur almost exclusively via the trade route (i.e., the movement of birds, egg crates, etc., between premises) (97), although elsewhere (e.g., in Brazil) infestation of flocks occurs via both trade and wild birds (104) , many species of which may serve as hosts (105) .
Several authors have reported higher prevalence and population numbers of D. gallinae in alternative egg production systems (30, 41, 48) . Trends for reduced rates in conventional cages may reflect the presence of fewer mite refugia, making conventional cages less amenable to infestation and easier to treat should infestation occur (9). Nevertheless, because conventional cages can no longer be employed in the European Union on animal welfare grounds (EU Council Directive 1999/74/EC), they cannot be universally considered as a control option. Such systems had been heavily utilized in the European Union until their withdrawal in 2013 (108) . A move away from conventional cages to systems incorporating more complex environments that appear to favor D. gallinae might logically increase infestation rates across the region.
Consequences of Infestation
There is a relationship between D. gallinae infestation and hen mortality; some reports record a tenfold increase in death rates following severe infestation (24). Although causal factors may vary, in extreme cases D. gallinae numbers may be so high that hens become severely anemic, with mortality resulting from exsanguination (24, 57, 125) . At a sublethal level, mite feeding may result in significant stress to hens, causing an increase in circulating corticosterone and adrenaline and a decrease in β-and γ-globulins (65) . Bird sleep patterns can be disrupted by the need for increased preening, and changes in head-scratching and feather-pecking behavior can also be seen during the day (57) . Increases in aggressive feather-pecking and cannibalistic behaviors have been reported following infestation, as have increased feed and water intake and decreased bird condition, growth rates, and feed conversion (21, 88). Infestation can lead to declines in egg quality (through shell thinning and spotting) and egg production (21, 24). Even relatively small mite populations that may not affect health through feeding per se may have significant impact, as D. gallinae may serve as a disease vector (116, 118) (Table 2) . Although the absolute vector competence of D. gallinae is unconfirmed, its potential to spread disease, including to humans (see below), should not be underestimated (116) . In addition to spreading disease, infestation may limit hen immunological responses to pathogens. Heavy infestations are reported to reduce antibody titers to some viral vaccines or suppress host antibody production (53, 65). Some authors postulate that mites adopt a feeding strategy that involves minimal interference or modulation of host immunity, which could support these findings (45). This same work suggests that D. gallinae might determine host immunocompetence via progeny survival rates (45). Whatever the reason, hens appear unable to mount a sufficiently effective immune response to D. gallinae, as supported by a lack of correlation between anti-D. gallinae immunoglobulin Y (IgY) levels and mite infestation levels (6).
CONVENTIONAL CONTROL
The tendency of D. gallinae to seek refugia and survive for extended periods without taking a blood meal (see above) presents a challenge to control efforts. Worldwide, D. gallinae has typically been controlled using synthetic acaricides ( use (e.g., organochlorines, organophosphates, pyrethrin, pyrethroids, carbamates, amitraz, and endectocides) (21). At the time of writing, relatively few products were licensed in the European Union for use against D. gallinae, although several unlicensed (or even banned) products were still widely employed to target infestations in this region (77, 81) ( Table 3 ).
Resistance and Legislation
Resistance of D. gallinae to carbamates and pyrethroids has been widely reported and observed in the United Kingdom (30, 113), Sweden (95), France (13), and Italy (75) . In a survey of British farms published in 2004, more than 60% had experienced acaricide-resistant infestations (41).
Figures have likely worsened since, with problems exacerbated by product misuse in some regions (77) . In many countries the use of synthetic products is further limited as stricter legislation now exists regarding active ingredients. This has led to reduced product availability in recent years, with this trend likely to continue in the future. From the turn of the century until recently, no registered compounds were available for the control of poultry ectoparasites in Sweden (22). Similarly, no active ingredients were registered for use against D. gallinae in Italy between 2007 and 2010 (77) , with the same appearing to be true in other European countries (Table 3) . Although synthetic acaricides are still available for approved use against D. gallinae in the United Kingdom (Table 3) , the once-popular organophosphate fenitrothion is no longer among them (30). Further constraints to conventional acaricide use include lengthy product-withdrawal periods postspraying, and restrictions preventing treatment while birds are laying (106) . Such measures are typically imposed to minimize the risks of product residues, which are reported to be a global issue (8, 77). Consumer awareness and demand for pesticide-free produce are also driving a move away from synthetics; this is true in many production sectors (87) .
Product Development
Few new synthetic acaricides are being developed against D. gallinae. A phoxim-based product (ByeMite, Bayer, Germany) has recently been registered in the European Union (Table 3 ) and has demonstrated 97-99% efficacy in multiple systems with repeat application at 2,000 ppm (54, 84, 85) . Nevertheless, the effectiveness of ByeMite against D. gallinae has been reported as variable, depending on the application method and geographical region (2). Indeed, resistance to phoxim is already suspected in central Poland (127) .
EMERGING AND FUTURE CONTROL STRATEGIES
With increasing resistance of D. gallinae to synthetic acaricides and changes in legislation and production practices affecting large areas of the globe, it is likely that D. gallinae will pose an ever-increasing threat to global poultry production. D. gallinae feeds from a range of alternative hosts, including over 30 species of wild birds (105), horses (86) , rodents (31, 71), and humans. Attacks on humans are not uncommon, with D. gallinae proposed as an occupational hazard for poultry workers (17). Outside the poultry sector, attacks have been reported in private residences, hospitals, and office spaces due to synanthropic infested birds (12, 16, 71, 102, 103) .
Effective control of D. gallinae is therefore potentially important not only in the poultry sector, but also in numerous other sectors, human health included.
Novel Acaricides
For the purposes of this review, only nonsynthetic products qualified for inclusion as novel acaricides; synthetic products are discussed above. Two main classes of products were considered: biopesticides and plant-derived products.
Biopesticides. Toxicity of spinosad to mites has been reported as variable and/or reduced in comparison to other insect species (49), although D. gallinae appears susceptible both in vitro and in vivo (34, 70). Combined, these studies demonstrate at least 97% product efficacy after a single dose, with residual efficacy of at least 28 days. Since 2010, spinosad has been approved for use with laying birds in several EU countries under the product name Elector (Elanco, Greenfield, Indiana) ( Table 3) . Bacillus thuringiensis (Bt) may offer a future biopesticide option for D. gallinae control, with known toxicity to insects and confirmed toxicity to O. sylviarum (83) . Nevertheless, the exotoxin thuringiensin, on which this work was based, is also toxic to vertebrates, leading several authors to advise against its use in poultry (2, 21).
Plant-derived products. Pesticides based on plant constituents are already used against pests of veterinary significance, including poultry mites (33). Topical application of Garlic Barrier (Garlic Research Labs, Glendale, California) reduced O. sylviarum incidence on treated hens (15) and Breck-a-Sol, a garlic-based acaricide, is recommended for use against D. gallinae by its developer (ECOspray, United Kingdom). A commercially available neem-based product (MiteStop, Felema, Switzerland) has shown acaricidal activity against D. gallinae (72), displaying greater efficacy than phoxim (2).
Precommercial research with D. gallinae and plant essential oils has produced some promising results (38, 59, 60, 81, 92) . Such products are suggested to penetrate mite refugia, as multiple studies have demonstrated vapor-phase toxicity (35, 59, 92) . This may further promote the use of essential oils as volatile repellents, with D. gallinae shown to avoid odors from the oils of numerous plant species (14, 37). The repellent nature of plant products appears to be the driving force behind Red Mite Avian (Bugico S.A., Switzerland), a drinking water additive based on extracts of thyme (Thymus spp.), burdock (Arctium spp.), and tansy (Tanacetum vulgare) that claims to act as a deterrent to mite feeding by rendering host blood unacceptable. Scientific confirmation of this product is wanting, but reports of its commercial success (starved mites) are not uncommon (D. George, personal observation). Use of Red Mite Avian in an integrated approach may be particularly effective as starved D. gallinae may be more susceptible to acaricides (36).
Perhaps the greatest constraint to the use of plant-based products in D. gallinae control is their relative lack of standardization and consequent inconsistent efficacy (35, 52, 88). Chemical differences between seemingly similar oils can result from variations in a number of factors, including environmental conditions, harvesting regimens, and extraction protocols (35, 52). This problem might be resolved by isolating active components from plant products and developing them for use as acaricides; geraniol and several forms of cinnamaldehyde are toxic to D. gallinae (32, 92).
Vaccines
Vaccines provide an attractive alternative to acaricides for numerous reasons, although the development of vaccines against arthropods is notoriously difficult. This is due to the time-consuming process of identification and characterization of new protective antigens and the fact that host immune reactions can be expected to attack the arthropod in question (82, 124) . The development of vaccines against D. gallinae is further hindered by our relatively poor understanding of the mite-host relationship (43).
Although hens can become resistant to O. sylviarum (26, 61), they do not appear to develop resistance to D. gallinae (94) . Perhaps as a result, until recently there were few reports in the literature detailing the development of a prospective vaccine against D. gallinae. Immunization of birds with somatic D. gallinae antigens or homologous proteins from other mite species, e.g., Dermatophagoides pteronyssinus (66) , has been attempted but with variable success. Significant in vitro increases in D. gallinae mortality (between 7.5% and 50.6%) have been achieved when mites were fed blood spiked with egg-extracted antibodies from immunized birds (43, 126). Nevertheless, no significant mortality was recorded when mites were fed in vitro blood from birds immunized with D. gallinae proteins (7). In vitro mite feeding/mite rearing remains imperfect, although advances in this area may facilitate future research (5, 11, 44 ).
An alternative approach to the use of somatic mite proteins has been the immunization of hens with recombinant proteins derived from ticks (Bm86) or mosquitoes (subolesin). In vitro mortality of D. gallinae was reported to be 35% and 23% in subolesin-and Bm86-immunized groups, respectively (42). A genomics approach has been undertaken to investigate vaccine candidates against D. gallinae using Dg-HRF-1 (D. gallinae histamine release factor protein) (an orthologue of a tick HRF that has been identified in D. gallinae) (11) and both Dg-CatD-1 and Dg-CatL-1 (recombinant cathepsin D-and L-like proteinases) (10) . Immunization of hens with Dg-HRF-1 yielded a significant 7% increase in D. gallinae mortality when tested in vitro (using blood spiked with polyclonal IgY) (11) . Similarly, mite mortality in Dg-CatD-1 treatment groups was significantly higher than in Dg-CatL-1 and control groups 120 h after initial mite feeding (10) .
This antigen research has demonstrated that there is potential to develop a vaccine against D. gallinae based on somatic or recombinant proteins, with any vaccine likely to combine both
Biological Control
Biological control is commonly adopted in other food production sectors, although it has only recently begun to be developed for use against D. gallinae. Here we consider natural enemies, entomopathogenic fungi, nematodes, and bacterial endosymbionts.
Natural enemies. Augmentative biological control may be especially effective in enclosed systems where pest natural enemy dispersal is restricted. This technique might be useful for controlling D. gallinae, especially as several natural enemies have been suggested or used (albeit with varying success) to control other pests, particularly flies, occurring in poultry houses (9, 121).
Numerous predatory mites may be associated with poultry production and/or wild bird nests (9, 69, 121). Although not all mites have been subject to scientific scrutiny, the ability of the predatory mites Androlaelaps casalis, Hypoaspis aculeifer, Hypoaspis miles, and Stratiolaelaps scimitus to consume D. gallinae has been confirmed (4, 68, 69). Commercialization of biological control of D. gallinae has followed in recent years using these species, at least in Europe; however, additional research is still required to ensure field efficacy and consequent long-term adoption (68) . Field performance may be temperature dependent and limited by alternative prey (4, 68).
It is possible that other predatory species would consume D. gallinae, and many have been reported as resident in poultry houses and capable of doing so (9, 21). The histerid beetle Carcinops pumilio is often encouraged by poultry producers, though mass rearing of this species for augmentative release may be difficult to achieve (D.R. George, personal observation). Relatively bulky beetles are perhaps also unlikely to penetrate D. gallinae refugia. Spatial separation of predator and prey may also limit the efficacy of predatory mites, at least for those species that tend to dwell in manure (68) . Slow-release systems, which encourage gradual release of predatory mites from holding chambers and can be installed at elevated locations, have been suggested to alleviate this constraint (68) , and they are already commercially available from some suppliers (e.g., Refona, Netherlands).
Entomopathogenic fungi and nematodes and bacterial endosymbionts. The use of fungi specifically against the Acari has been reviewed elsewhere, where records of 58 fungal species infecting 73 acarine species have been collated (19). D. gallinae is susceptible to infection by fungal isolates of Beauveria bassiana, Metarhizium anisopliae, Trichoderma album, and Paecilomyces fumosoroseus when mites were inoculated with high doses of conidia under laboratory conditions (53, 110, 112) . Under semifield conditions, however, experiments typically reveal unsatisfactory control (111) . Attempts to overcome reduced field efficacy by applying isolates of M. anisopliae at high concentration (1 × 10 9 conidia/ml) to caged hens have been only partly successful (112) . The authors reported a significant decrease in D. gallinae numbers that persisted for 4 weeks posttreatment, although treatment was ineffective at a lowered dose. No work on the efficacy of nematodes for D. gallinae control has been published to date, but attempts to manage fly and beetle populations in poultry systems with nematodes have been similarly ineffective, despite promising in vitro results (9). Both fungi and nematodes require relatively specific environmental conditions to act (e.g., very high humidity or free water), which may limit their efficacy when deployed against D. gallinae in the field. Unless this requirement can be overcome somehow, effective commercial application is perhaps unlikely.
Endosymbiotic bacteria coexist with many arthropods and can be vital to host survival (129) . The mycetocyte symbioses are a good example, as they are critical to numerous invertebrates that feed on nutritionally deficient diets, blood included (28, 67). Removal of bacteria (and yeasts) that contribute to this symbiosis leads to dramatic declines in host reproduction and growth, as symbionts are irreplaceable owing to their acquisition by vertical transfer only. By disrupting oogenesis and inducing cytoplasmic incompatibility, endosymbiotic bacteria may exert further detrimental effects on host reproductive potential, as reported for members of the genera Wolbachia and 'Candidatus Cardinium' (40, 51). Although Wolbachia species have not been identified in D. gallinae, 'Candidatus Cardinium' and Spiroplasma have been recorded in these mites (25, 118). Endosymbiont targeting could contribute to the management of D. gallinae in the future.
Semiochemicals and Growth Regulators
As reported above, D. gallinae is thought to use kairomones in host location and pheromones in aggregation processes. This behavior suggests attractants could play a role in D. gallinae control (if used alongside acaricides in attract-and-kill schemes) or at least monitoring. Although no commercial D. gallinae attractant was available at the time of writing, researchers have identified mite-related aggregation pheromones (64) . In this same work the authors reported evidence of host-related kairomones that could act as attractants, with independent workers identifying and patenting an additional kairomone from chickens, as well as a repellent allomone from ducks (99) . Derived from the uropygial gland, a synthetic version of this duck repulsive allomone has been developed and is commercially available (Wakumo, Véto-pharma, France). An important consideration with any attractant/repellent approach is the typically volatile nature of the product used, which can result in only minimal persistence in the environment. With the recent and continuing development of a multitude of slow-release mechanisms (74), however, this property is perhaps unlikely to pose a significant constraint to current and future use of attractants and/or repellents in D. gallinae control.
Growth regulators (GRs) either disrupt the formation of chitin (the building block of invertebrate exoskeletons) or interfere with maturation by mimicking or inhibiting the juvenile hormone (leading to delayed or premature development of pupae or adults, respectively; 115). Although a multitude of GRs are commercially available and have been the subject of research for many years, they have been considered for use against D. gallinae only recently. Initial studies demonstrated the potential of triflumuron to reduce egg hatch (62) , as disruption to embryonic development is an additional function of chitin inhibitors. A later study confirmed a chitin-inhibiting effect of triflumuron on D. gallinae, also demonstrating that efficacy could be optimized in combination with acaricides (63) . Triflumuron is currently widely available for use with poultry and is marketed (at least in the United Kingdom) for general use against pests of housed domesticated animals.
Design of Premises, Hygiene, and Hazard Analysis
Removing all potential D. gallinae refugia from a poultry house may be unrealistic. Nevertheless, it should be possible to design facilities that are less mite friendly than is currently the norm, for example, by minimizing mite refugia and contact points with hens (88) . In addition, sound hygiene practices such as regular house cleaning are generally underestimated in their potential for D. gallinae control (88) . Cleaning with water can greatly reduce the number of mites and mite eggs present (94) , although available models suggest that mechanical cleaning and sanitary clearance alone are less likely to eradicate infestations than repeat treatment with synthetic acaricides (50).
Recent research suggests that using a NASA-pioneered Hazard Analysis and Critical Control Point (HACCP) method can help prevent D. gallinae establishment in all types of poultry production systems (89) . Forty-one potential infestation hazards in 13 main Hazard Categories are cited with suggested corrective actions, or critical control points, for each. Hazard categories include the environment, feed, litter, equipment, visitors, and employees, among others. The HACCP method has been trialed in the Netherlands and the United Kingdom and described as a useful and feasible management tool by poultry farmers (89) .
Physical Control
Although physical control may incorporate measures such as manual cleaning, here we consider temperature, lighting, and inert substances only; hygiene practices are discussed above.
Temperature. All D. gallinae can be expected to not survive at temperatures greater than 45
• C and less than −20
• C (96). Consequently, heating poultry houses between flocks to 55 • C has been suggested for D. gallinae control, although care must be taken not to damage structures with excessive heat exposure (88) . Because high mortality of D. gallinae occurs at 35
• C (114), lower temperatures may be equally useful, especially if maintained for longer periods. Heating between flocks to 45
• C and higher is commonly employed for D. gallinae control in Norway, perhaps as relatively small flock sizes (Table 2) may promote heat treatment of smaller units. When heat treatment is used in combination with chemical treatment, excellent control efficacy has been achieved; however, when used in isolation, temperature treatment of larger Dutch poultry houses has proven to be less successful (88) . Raising temperatures in larger units, which are difficult to heat evenly, is also more expensive. Unsurprisingly, the economic implications of achieving and maintaining high temperatures to control D. gallinae remain a major constraint to the use of this technique (88) .
Lighting regimen. Short-cycle intermittent light/dark periods can markedly reduce D. gallinae numbers, probably by disrupting the mites' normal nocturnal feeding cycle, compared with more standard regimens (109) . Although D. gallinae may begin host-searching 1 h after the onset of darkness, most activity does not occur until 5-11 h into the dark period (79) . Current EU legislation, however, requires a statutory 8-h dark period, making it difficult to envisage how intermittent lighting regimens could be employed in practice (at least in this region). Intermittent lighting could perhaps be used during normal light periods with (presumably) fewer welfare implications, but this option has not been considered. Similarly, it may be possible to use specific wavelengths to target D. gallinae during normal dark periods without disrupting these periods for hens. Even if such measures could be implemented, evidence suggests that any effect of lighting regimen would weaken over time, with mites willing to feed under light conditions even when unforced (88, 93) . In addition, as studies are often conducted at a higher intensity of light than one would expect commercially, a reduced effect might be expected under conditions representative of poultry facilities.
Inert substances. Inert substances include primarily DE (diatomaceous earth), kaolin, and silicas. Many exist as fine-particle powders, though issues with application and dust formation are driving forward liquid formulations (81, 91) . Many standard products are already available commercially and widely used (e.g., InsectoSec, BIOFA, Germany, and Decimite+, BASF, Germany). As with all such products, they absorb lipids from the surface of mites (120) , effectively leading to death by dehydration.
Work with D. gallinae and inert substances has shown that efficacy can be greatly affected by the quality of the raw material used (58, 81) . High humidity levels (>85%) reduce efficacy, suggesting that when these products are used in poultry units, increased application rates may be necessary www.annualreviews.org • The Poultry Red Mite, Dermanyssus gallinae (58) . Work with O. sylviarum supports the limitations of DE and kaolin as acaricides, in which neither was as effective as other nontraditional acaricides tested (although kaolin provided control for 2-3 weeks following repeat application to birds) (91) .
In some cases DE products are also supplied mixed with other active ingredients. The combined use of plant-based products and DE is increasingly popular (D.R. George, personal observation); several products based on this combination (e.g., MPoux, Olmix, France) are commercially available.
INTEGRATED PEST MANAGEMENT POTENTIAL
Integrated pest management (IPM) is well established in other production sectors, and recommended combined treatment regimens for poultry pests, including D. gallinae, date back many years (9, 20). Today, poultry producers often implement some form of biosecurity in conjunction with multifaceted treatment programs involving cleaning/disinfecting and the use of physical agents and synthetic acaricides (81) . Compared with other sectors, however, comprehensive IPM remains relatively rare in the poultry industry; the full potential of this technique for D. gallinae control is perhaps unrealized as a result (46, 88).
Of the varied D. gallinae management approaches that have been reviewed here, many would be amenable to integration. Should a vaccine against D. gallinae become available, it likely could be used in conjunction with any other control method, similar to HACCP analysis. Similarly, the efficacy of novel pesticides, inert products, semiochemicals, and GRs would be unaffected (and perhaps even improved) by advances in animal/premise husbandry techniques, as all these would be compatible with one another as well as with conventional D. gallinae control. Such compatibility would not necessarily imply benefit (81), however, and would not be universal for all the management options considered. Broad-spectrum approaches, such as the use of some novel pesticides, inert dusts, GRs, and heat treatment, would likely have an adverse effect on natural enemies and biological control. Although this effect may limit their use in IPM, they could be employed to target multiple invertebrate pests with a single application, as shown by MiteStop (3, 122) and some essential oils (39). Much remains to be done to promote comprehensive IPM for D. gallinae and to devise optimal treatment regimens, of which the latter has seen the least progress in the past 10-15 years. Recent advances in D. gallinae population modeling (50), coupled with empirical research, should facilitate work in this area, revealing optimal IPM strategies for immediate and future use.
CONCLUSIONS
D. gallinae is a serious threat to laying hens and egg production in many parts of the world, and acaricide resistance and changes in pesticide and hen welfare legislation are set to exacerbate this issue in many countries. As the role of D. gallinae as a disease vector becomes better understood, its pest status increases commensurately. Recent reports of D. gallinae infestations in a range of alternative hosts further contribute to this status. Should existing trends continue, D. gallinae could soon be problematic for other domestic fowl, pets, and even humans, as it is for poultry.
The recent increase in D. gallinae-related research has improved our understanding of this pest's biology and ecology, prompting investigation into control through pheromones, hazard analysis, premise hygiene, and heat treatment. Advances in microbiology and in vitro rearing techniques continue to facilitate the search for an effective vaccine against D. gallinae, and past successes in other areas of pest management have informed the development of plant-derived
TARGETING D. GALLINAE ACARICIDE RESISTANCE
In addition to developing novel acaricides and management interventions in response to pest resistance, it may be possible to target the metabolic pathways that confer resistance to begin with. Arthropods' detoxification of pesticides could rely on several enzyme families such as the glutathione S-transferases, esterases (or carboxylesterases) and cytochrome P450s. It may be possible to target and inhibit these enzymes to effectively break pest resistance mechanisms, prolonging or even restoring the effectiveness of existing pesticides. The staggering diversity of potential detoxifying enzymes currently represents a limiting step in this novel and potentially exciting approach, making identification of precisely which enzymes confer resistance problematic. Nevertheless, continuing research in this field, including with D. gallinae, could lead to significant breakthroughs in pest resistance management in the not-too-distant future, permitting improvements to existing pesticide synergists such as piperonyl butoxide (a generalist P450 inhibitor). Recent advances in the sequencing of acarine genomes (e.g., Tetranychus urticae, and the soon-to-be-released Ixodes scapularis) could further facilitate the identification of relevant detoxification pathways in this group at the genetic level (130, 131) .
products, natural enemies, growth regulators, and biopesticides. Many of these approaches, whether they are experimental, near-market, or commercial, appear amenable to combination with one another in an IPM approach. Although such integration will not automatically guarantee benefit, investigation of its full potential in D. gallinae control is recommended nonetheless.
Development of more comprehensive IPM regimens for D. gallinae should be facilitated by ongoing developments in monitoring and modeling of populations, with these being key areas for future research to promote optimally efficient deployment of any control program. Confirming the threat posed by D. gallinae to nonavian hosts is also an important objective deserving more attention and is furthered by recent advances in our understanding of this mite's phylogeny and improved access to online keys to aid taxonomy. Finally, if a role for current and future synthetic acaricide use in D. gallinae control is accepted, significant benefit could be realized through continued research into targeting acaricide resistance mechanisms in this species (see sidebar, Targeting D. gallinae Acaricide Resistance).
SUMMARY POINTS
1. D. gallinae remains a serious threat to laying hens and egg production in many parts of the world.
2. Acaricide resistance and changes in pesticide and hen welfare legislation may exacerbate future management of D. gallinae in many countries.
3. D. gallinae may serve as a disease vector, but the full extent of its vector capacity remains unknown.
4. Recent reports of infestations in a range of alternative hosts increasingly suggest that D. gallinae may survive, or at least feed, on hosts other than birds.
5. Since the last major review on D. gallinae, research effort devoted to understanding and controlling this pest has increased.
www.annualreviews.org • The Poultry Red Mite, Dermanyssus gallinae6. Particular progress has been made in fields related to behavior, etiology, and physiology (e.g., semiochemicals, hazard analysis, premise hygiene, and heat treatment), microbiology (e.g., in vitro rearing and associated vaccine development), novel acaricides (e.g., biopesticides, plant-derived products, and growth regulators), and biological control.
7. Many of these areas (e.g., vaccine development) require further investigation before research can be translated into commercial practice; however, options currently available for D. gallinae control are varied and increasing.
8. Comprehensive IPM programs for D. gallinae control are rare, though such programs could be of use in managing this pest in the future.
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